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Synthetic Protocols Scheme S1. One-Step Synthesis of Compound 2
Compound 2: Cyanuric acid (650 mg, 5 mmol) and Compound 6 (252 mg, 1 mmol) was dissolved in anhydrous DMF (30 mL), and DBU (150 µl, 1 mmol) was added dropwise to the solution. The reaction mixture was then heated under reflux overnight. The solvent was removed under reduced pressure and the crude mixture was re-dissolved in MeOH. The solid was filtered off and the solvent was removed under reduced pressure. The crude mixture was purified by column chromatography (SiO2) using 4:1 DCM/MeOH as the eluent to afford 2 as an off-white powder (150 mg, 71 %). 1 
H NMR (400 MHz
,
Scheme S2. One-step Synthesis of Compound 3
Compound 3: Compound 6 (252 mg, 1 mmol), compound 7 (325 mg, 1 mmol) and K2CO3 (276 mg, 2 mmol) was dissolved in 20 ml MeCN, and the reaction mixture was heated to reflux overnight under stirring. The reaction mixture was then cooled to room temperature and the solvent was evaporated off under vacuum. The crude was washed with H2O and MeOH and the remaining solid was collected to afford compound 3 as a pale-yellow powder (270 mg, 67 %). 1 
Scheme S3. One-step Synthesis of Compound 4
Compound 4: Compound 6 (1.26 g, 5 mmol), compound 8 (610 mg, 5 mmol) and K2CO3 (1.38 g, 10 mmol) was dissolved in 50 ml MeCN, and the reaction mixture was heated to reflux overnight under stirring. The reaction mixture was then cooled to room temperature and the solvent was evaporated off under vacuum. The crude was dissolved in DCM and washed with brine for 3 times.
The organic phase was then dried over MgSO4 and the solvent was removed under vaccum to afford compound 4 as a yellow crystalline solid (1.00 g, 99 %). 
(m).
The molecular weight characterization of the a) 22 kDa and b) 52 kDa polystyrene used in this work is shown in Figure S1 . Figure S1 . GPC traces of the polystyrene polymers (disulfide bond-contained) used in this work. The molecular weight of the corresponding thiol group functionalized polystyrene is therefore 11 and 26 kDa, respectively. Eluent: THF, 1 mL/min.
Experimental Protocols for the Studies of NCT Assemblies
Synthesis of HW-and CA-NCTs: In a typical synthetic process, an appropriate amount of HW-PS or CA-PS polymers was dissolved in acetone (2 mL) in a glass vial to yield a 1.0 × 10 -4 M solution. The solution was vigorously stirred while 28 nm AuNP solution (~1 nM, 2 mL) 5 was quickly poured into the vial, and the resulting suspension was allowed to stir for 10 min. After the formation of dark red precipitate, the colorless supernatant was removed by direct decantation or S9 with the aid of light centrifugation. DMF (3 mL) was added to the vial to re-disperse the precipitate, and the resulting dispersion was distributed in centrifuge tubes and purified for 3 centrifuge cycles (5000 rpm, 40 min). For the HW-NCTs, the solvents used for re-dispersing the AuNPs precipitate at the end of each cycle were DMF, toluene, and toluene, respectively. For the CA-NCTs, the solvents were DMF, anisole and anisole, respectively. The final toluene and anisole dispersions were used for the self-assembly studies.
Synthesis of Tpy-NCTs: 0.5 mg 11 kDa-PS-Tpy and 1.5 mg 11 kDa-PS-Br polymers were dissolved in acetone (2 mL) in a glass vial. The solution was vigorously stirred while 28 nm AuNP solution (~1 nM, 2 mL) was quickly poured into the vial, and the resulting suspension was allowed to stir for 10 min. After the formation of dark red precipitate, the colorless supernatant was removed by direct decantation or with the aid of light centrifugation. DMF (3 mL) was added to the vial to re-disperse the precipitate, and the resulting dispersion was distributed in centrifuge tubes and purified for 3 centrifuge cycles (5000 rpm, 40 min). The solvents used for re-dispersing the AuNPs precipitate at the end of each cycle were DMF, toluene, and toluene, respectively, and the final toluene dispersions were used for the self-assembly studies.
Synthesis of HW-Tpy-NCTs: 0.5 mg 11 kDa-PS-Tpy and 4.5 mg 11 kDa-PS-HW polymers were dissolved in acetone (5 mL) in a glass vial. The solution was vigorously stirred while 28 nm AuNP solution (~1 nM, 5 mL) was quickly poured into the vial, and the resulting suspension was allowed to stir for 10 min. After the formation of dark red precipitate, the colorless supernatant was removed by direct decantation or with the aid of light centrifugation. DMF (6 mL) was added to the vial to re-disperse the precipitate, and the resulting dispersion was distributed in centrifuge tubes and purified for 3 centrifuge cycles (5000 rpm, 40 min). The solvents used for re-dispersing the AuNPs precipitate at the end of each cycle were DMF, toluene, and toluene, respectively, and the final toluene dispersions were used for the multi-stimuli responsive self-assembly studies.
Synthesis of HW-Hdz-NCTs: 0.5 mg 11 kDa-PS-Hdz and 1.5 mg 11 kDa-PS-HW polymers were dissolved in acetone (~1 nM, 2 mL) in a glass vial. The solution was vigorously stirred while 16 nm AuNP solution (~2 nM, 2 mL) was quickly poured into the vial, and the resulting suspension was allowed to stir for 10 min. After the formation of dark red precipitate, the colorless supernatant S10 was removed by direct decantation or with the aid of light centrifugation. DMF (3 mL) was added to the vial to re-disperse the precipitate, and the resulting dispersion was distributed in centrifuge tubes and purified for 3 centrifuge cycles (7000 rpm, 50 min). The solvents used for re-dispersing the AuNPs precipitate at the end of each cycle were DMF, toluene, and toluene, respectively, and the final toluene dispersions were used for the covalently-linked NCTs studies.
Synthesis of CA-CHO-NCTs: 0.5 mg 11 kDa-PS-CHO and 1.5 mg 11 kDa-PS-CA polymers were dissolved in acetone (2 mL) in a glass vial. The solution was vigorously stirred while 16 nm AuNP solution (~2 nM, 2 mL) was quickly poured into the vial, and the resulting suspension was allowed to stir for 10 min. After the formation of dark red precipitate, the colorless supernatant was removed by direct decantation or with the aid of light centrifugation. DMF (3 mL) was added to the vial to re-disperse the precipitate, and the resulting dispersion was distributed in centrifuge tubes and purified for 3 centrifuge cycles (7000 rpm, 50 min). The solvents used for re-dispersing the AuNPs precipitate at the end of each cycle were DMF, anisole, and anisole, respectively, and the final anisole dispersions were used for the covalently-linked NCTs studies.
Grafting Density: In this work, the NCTs were prepared using a previously reported protocol, 6 where the grafting density of the polymer chains on the nanoparticle surface was determined to be ~ 0.7 chain/nm 2 . respectively, in toluene. Then TFA was titrated to these three samples and the absorption spectra of three samples were recorded by UV-Vis spectroscopy and the absorption intensity at 520 nm was utilized to reflect (Figure 3b ) spectral change.
Thermal analysis of NCT assembly:
Acid-base cycles of Tpy NCT assembly:
To analyze the reversiblity of the Tpy NCT assemblies, the assembly of the 11 kDa-PS-Tpy functionalized AuNPs were prepared in the presence of 10 µM Zn(OTf)2 in toluene. The sample was subjected to through multiple acid-base cycles by adding TFA and TEA in an alternative manner. After each step, the absorption spectrum of the sample was recorded by UV-Vis spectroscopy and the absorption intensity at 520 nm was utilized to reflect ( Figure 3c ) spectral change resulting from the assembly/disassembly processes.
Covalent bond formation between functionalized NCTs: Two types of di-ligand-functionalized
NCTs were prepared. One type of NCTs was co-functionalized with 11 kDa-PS-HW and 11 kDa-PS-Hdz polymers (3:1 feed ratio), and the other type was co-functionalized with 11 kDa-PS-CA and 11 kDa-PS-CHO (3:1 feeding ratio). The HW-Hdz NCTs and the CA-CHO NCTs were dispersed in toluene and anisole, respectively, and equal volume of the two sets of NCTs with the same optical density were then mixed together. At certain time after mixing the NCTs, an aliquot was taken and a minimum amount of DMF (~1% volume percent) that can interupt the hydrogen bonding was added. The absorption of the aliquot was then measured by UV-Vis spectroscopy for the kinetic study.
Solvent Effect on the Thermostability of the HW/CA-based NCT assemblies.
We took 11 kDa-PS-HW and 11 kDa-PS-CA functionalized 28 nm AuNPs as an example to study how the stronger interactions between HW/CA pairs make it possible to assemble the NCTs in more challenging enviorment. Figure S2 shows that the assembly can readily form in the 1:1 mixed solvents of toluene and halogenated solvents including dichloromethane (DCM), o-dichlorobenzne (DCB) and chloroform at room temperature. Furthermore, we evaluate how the change of the solvent can tune the thermostability of the NCT assemblies in detail, where the NCTs assembled S12 in mixed solvents of toluene and anisole with different ratios, and the Tm of these aggregates were then measured by UV/Vis spectroscopy. Figure S3 shows that the Tm of the NCT assemblies changes linearly upon changing the percentage of the anisole in the mixed solvent, an observation which suggests that the Tm of the NCT assemblies can be precisely controlled by tuning the solvent ratio. The spectra corresponding to the reversible assembly and disassembly of the HW/CA-and Tpybased system are shown in Figure S5 , and the kinetic of these photo-responsive processes were also investigated. For the HW/CA-based NCT system, both the assembly and the disassembly processes were completed in about 30 min after exposure to UV light and removal of the optical stimulus, respectively ( Figure S6 ). For the Tpy-based NCTs, the result ( Figure S7a together, these observations demonstrate that the non-photoresposive group functionalized AuNPs can respond to external light stimluli in a rapid manner through rational design.
TEM Characterization of the Multi-stimuli Responsive NCT System
In addition to the UV/Vis spectroscopic measurements, the multi-stimuli responsive behavior of the NCTs was also confirmed by TEM. NCT samples in 3:1 toluene/anisole (~ 1 nM) that had been used to study the orthogonal stimuli-responsive assembly behavior were dropped cast onto a 
SAXS Characterization of the Pathway-Dependent NCT Assembly Behavior
In addition to TEM, the pathway-dependent assembly of NCTs (28 nm functionalized with HW/Tpy and 16 nm functionalzied with CA) was also confirmed by SAXS characterization. The interparticle spacings of the NCT aggregates obtained through different pathways are summarized in Table S1 . As shown in Table S1 , when the 28 and 16 nm NCTs were assembled via steps (i) and (v) as shown in Figure 6a (first hydrogen bonding, then Zn 2+ complexation), NCTs formed homogeneous aggregates with a single interparticle distance of 38 nm observed in the SAXS data. In comparison, when the two sets of NCTs were assembled in the opposite pathway (steps (iii) and (i) in Figure   6a , Zn 2+ -Tpy-complex formation followed by hydrogen bonding), two distinct peaks were observed in the low q region, corresponding to the two different interparticle distances that would be expected: a larger distance of 52 nm for 28nm-28nm particle bonds linked with Zn 2+ -Tpy complexes, and a shorter distance of 37 nm for the 28nm-16nm particle bonds consisting of HW/CA pairs. These observations and TEM images confirm the pathway-dependent assembly process of the NCTs described here. Figure S9 shows that when DMF (1 % v/v) was added to the 1:1 toluene/anisole solution containing 16 nm HW-Hdz and CA-CHO NCT samples immediately after mixing, the NCTs remain dispersed, as characterized by the strong absorbance around 540 nm, because the hydrogen bonding interactions between HW and CA groups were disrupted by DMF. 
UV/Vis Spectroscopic Study and SAXS Characterization of the NCT Assembly Linked by
Covalent Bonds
S18
In comparison, when DMF was added to the mixture after 48 h of mixing the 16 nm HW-Hdz and CA-CHO NCT samples, the NCTs remained assembled (Figure 7c ) and these aggregates (1 nM in toluene) were subjected to SAXS measurements to characterize the interparticle spacings. The result shows ( Figure S10 ) that these spacings match well with those for the assembly formed by hydrogen bondings alone, an observation which proves that the assemblies are resulting from the interactions between the termini of the polymer chains, i.e., the hydrazone bond formation. Figure S10 . SAXS Measurements of the NCT assemblies induced by covalent bond formation (red trace) and hydrogen bonding interactions (black trace). The well matched interparticle spacings in these two cases demonstrate that the Hdz-and CHO-functionalized NCT assembly are resulting from the interactions between the termini of the polymer chains, which is the formation of the hydrazone bonds.
In addition to HW/CA pairs, covalent hydrazone bonds between NCTs were also achieved using coordination chemistry driven interactions to increase the local concentration of reactive groups.
Specifically, two types of 16 nm NCTs were prepared, where one type was co-functionalized with Tpy/CHO groups (11 kDa PS, 3:1 feed ratio), and the other type was co-functionalized with Tpy/Hdz groups (11 kDa PS, 3:1 feed ratio) groups. In a control experiment, simply mixing the toluene solution of these two types of NCTs resulted in no covalent bond formation between the NCTs, as indicated by the lack of change in absorbance of the sample compared with the initial state ( Figure S11 , blue and red dash traces). In comparison, when Zn 2+ ions were added to the NCT mixtures, aggregates were formed due to the coordination complexes formed between particles ( Figure S11 , black trace). After 48 h, the absorption of the NCTs was only partially recovered upon the addition of free tpy ligand, a stimuli which was shown to be able to break any S19 coordination interactions between NCTs. In comparison, the absorption was fully recovered when TFA was added to the aggregates, consistent with hydrozone formation between the different particle types. It is also noteworthy that 75 % of the NCTs were covalently linked after 48 h, which is slower than the HW/Hdz and CA/CHO case. This could occur because the Tpy-linked NCTs are a unary system, meaning that some particles within an aggregate may not actually bind to their neighbors in an arragement that would allow for covalent bond formation (e.g. two Hdz-bearing
NCTs linked with Tpy connections would not be able to form a hydrozone bond between them).
It is also possible that the acidic cyanuric acid group may also serve as a catalyst to promote the covalent bond formation. Regardless of the specific mechanism, however, the control experiment in the absence of Zn 2+ indicates that the colocalization of multiple reactive species (and potentially a catalyst) enhances the formation of the covalent bonds. Figure S11 . UV/Vis Spectra of the toluene mixture of 16 nm NCTs co-loaded with Tpy/CHO and Tpy/Hdz groups under different conditions. When Zn 2+ was added to the mixture, the coordination interactions induced the formation of NCT aggregates (black trace), which enhanced the local concentration of the reacting CHO and Hdz groups; 75 % of the NCTs were covalently linked after 48 h (purple trace). The covalent hydrazone bond can be readily cleaved upon the addition of strong acid such as TFA (red trace).
